In the present paper an attempt has been made to optimize the wear behaviour of Al-7.5%SiC metal matrix composite using Taguchi Method. Al-7.5%SiC metal matrix composite is synthesized using LM6 aluminium alloy as matrix metal and Silicon carbide as reinforcement using Stir casting process. Using L27 orthogonal array and Taguchi method the optimization of wear behaviour of the composite is carried out. The L27 orthogonal array is constructed using three levels of each tribological testing parameter Load (L), Sliding Speed (S) and Time (T). The wear tests are conducted in a Multi-Tribotester (DUCOM TR-25) using a block on roller arrangement at various combinations of the testing parameters. The analysis of the result is carried out using wear depth as system response. Furthermore, ANOVA analysis is carried out to find out the significant test parameters and their interactions affecting the wear behaviour of the composite. Scanning electron microscopy (SEM) is carried out to identify the wear mechanism.
Introduction
Metal Matrix Composites (MMC) has gained tremendous interest in industrial application in the recent past. The composite materials show improved toughness, strength, and stiffness than the base metal. There are different types of MMCs based on the base metal, reinforcement type and volume fraction of reinforcement. The composites gain mixed properties of the base metal and reinforcement. In case of Al-SiC MMC the tribological testing is carried out by researchers in different testing conditions such as abrasive wear test, dry sliding wear test etc. Ahlatci et al. [1] carried out abrasive test of Al-8%SiC MMC by abrasive wear tester. Sahin et al. [2] performed abrasive wear test of Al-15%SiC at different loads, sliding distances and reinforcement particles size. They observed that reinforcement particle size has the greatest effect on wear. Ma et al. [3] conducted wear test with block-on-ring configuration for Al-20% SiC and Al-50%SiC. From the tests they reported that wear increases with increase in load and sliding speed, while wear decreases with increase in SiC incorporation. It was also observed that at loads of above 100 N and at sliding speed of 6 m/s severe wear took place. Yalcin and Akbulut [4] observed that wear rate varies inversely with reinforcement volume fraction. Sharma et al. [5] conducted the dry wear test for SiC reinforcement 0-5 volume fraction range and observed that wear rates decrease with increase in volume fraction of the reinforcement. Ghosh et al. [6] have recently considered friction behavior of Al-5%SiC MMC. Another study conducted by Ghosh et al. [7] on the wear behavior of Al-5%SiC metal matrix composite. Onat [8] investigated the dry wear properties of Al-4.5Cu-3Mg/15 vol. % SiC. The materials were tested on a pin-on-disk apparatus at loads 5, 10 and 15 N and sliding speed of 0.5, 1 and 2 m/s against a steel disk (AISI D2). The wear rate increased with increase in load and sliding speed whereas the friction coefficient decreased for increasing load and sliding speed.
Iwai et al. [9] used SiC whisker reinforcement to study the sliding wear behaviour of the composite material. The composite was produced using 2024 Al alloy as matrix metal and was reinforced with SiC whisker reinforcement with volume fraction ranging from 0-16% by powder metallurgy. All the materials showed transition of severe wear to mild wear with increase in sliding speed. The severe wear rate decreased linearly with increase in volume fraction of reinforcement. In another study, Miyajima and Iwai [10] used different types of reinforcement to study the effect of reinforcement on wear behaviour of Al-SiC composite. The reinforcement used is SiC whiskers\particles. The wear tests reveal less volume loss for particle reinforced composite than whisker reinforced composite. Venkataraman and Sundararajan [11, 12] studied the sliding wear behaviour of Al-SiC. The study was conducted in two parts; the wear rate and friction coefficient behaviour of the material was studied followed by subsurface deformation due to the wear was studied. The friction test results indicated increase in friction coefficient value with increase in volume fraction of SiC. The wear rates decreased with increase in volume fraction. The effect of matrix hardness on wear behaviour of 6061 aluminium alloy reinforced with 20 vol % Al2O3 was investigated by Straffelini et al. [13] . The extruded materials were heat treated at T6 condition (530 0 C for 1 h, water quenched and aged at 175 0 C for 16 h). The wear rates increased with T6 heat treatment and forging treatment. The wear rate of the heat treated and forged materials changed from mild wear to severe wear at loads greater than 200N. Straffelini et al. [14] studied the effect of load and temperature on the wear behaviour of the composite Al-SiC. The friction coefficient value for both the material decreased with increase in load with Al-10%SiC exhibiting lower value than Al-20%SiC at higher loads. The microstructure study of the wear tracks showed presence of grooves which indicated abrasive wear effect on the material.
The purpose of the present study is to optimize wear behavior of Al-7.5%SiC MMC. Aluminum LM6 and Silicon Carbide (SiC) are mixed by stir casting process in an electric melting furnace for the synthesis of the metal matrix composite. Wear tests are carried out on Al-SiC for testing the wear behavior of the material. The result is analyzed by Taguchi method. Furthermore, a statistical analysis of variance (ANOVA) is performed to find the statistical significance of test parameters. Finally a confirmation test is carried out to verify the optimal test parameters obtained from the parameter design. The microstructure study is done with the help of SEM to judge the wear mode of the material.
Taguchi method
Taguchi method [15] [16] [17] is a powerful tool for designing high quality systems based on Orthogonal Array (OA) experiments that provide much reduced variance for the experiments with an optimum setting of process control parameters. It introduces an integrated approach that is simple and efficient to find the best range of designs for quality, performance and computational cost. This method achieves the integration of Design of Experiments (DOE) [18] with the parametric optimization of the process yielding the desired results. The traditional experimental design procedures focus on the average process performance characteristics. But the Taguchi method concentrates on the effect of variation on the process quality characteristics rather than on its averages. That is, the Taguchi approach makes the process performance insensitive (robust) to variation in uncontrolled or noise factors. Taguchi recommends that this can be done by the proper design of parameters during the "parameter design" phase of off-line quality control. He designed certain standard OAs by which simultaneous and independent valuation of two or more parameters for their ability to affect the variability of a particular product or process characteristic can be done in a minimum number of tests. Using OA, the Taguchi method explores the entire design space through a small number of experiments in order to determine all of the parameter effects and several of the interactions. These data are then used to predict the optimum combination of the design parameters that will minimize the objective function and satisfy all the constraints. In addition to locating a near optimum objective function, the Taguchi method provides information on parameter trends and noise sensitivities thereby enabling a robust design. The OA requires a set of well-balanced (minimum experimental runs) experiments. The Taguchi method uses a statistical measure of performance called (S/N) ratios, which are logarithmic functions of desired output to serve as objective functions for optimization. The S/N ratio takes both the mean and the variability into account and is defined as the ratio of the mean (signal) to the standard deviation (noise). The ratio depends on the quality characteristics of the product/process to be optimized. The three categories of S/N ratios are used: Lower the Better (LB), Higher the Better (HB) and Nominal the Best (NB). The parameter level combination that maximizes the appropriate S/N ratio is the optimal setting. For the case of minimization of wear, LB characteristic needs to be used. Furthermore, a statistical Analysis of Variance (ANOVA) is performed to find which process parameters are statistically significant. With the S/N ratio and ANOVA analyses, the optimal combination of the process parameters can be predicted. Finally, a confirmation experiment is conducted to verify the optimal process parameters obtained from the parameter design.
Experimental detail

Fabrication process
Metal matrix composite is fabricated in the Metal Forming Lab at Jadavpur University. The alloy matrix used for fabrication is LM6 aluminum alloy and reinforcement is silicon carbide of 400 mesh size. The chemical composition of the matrix material (LM6) and the thermo physical properties of SiCp & LM6 are given in Table 1  & Table 2 . The fabrication process chosen for this purpose is liquid metal stir casting technique. The LM6 aluminium is heated and liquefied in an electric melting furnace at 760 0 C. The layout of the electric melting furnace is shown in fig 1. The melt is mechanically stirred by using an impeller after addition of the pre-heated silicon carbide particle at about 1000 0 C The mixture is stirred to incorporate the reinforcement in the alloy metal at 750 0 C and 600 rpm speed. The mixture is then poured in the sand casting and after cooling the casting is cut properly and machined to prepare the samples (20mm x 20mm x 8 mm) suitable for tribological experimentation. 
Design of experiments
Design factors or control factors are those which are varied during the experimental tests. There are a number of control factors that can affect the wear behavior of Al-7.5%SiC. For this case the control factors chosen are load, speed and time since these are the significant ones [19] . Table 3 shows the design factors with their levels. The present study considers the wear characteristics of Al-7.5%SiC as the response variable. The design of experiment is a powerful statistical technique introduced by Fisher [20] . It basically refers to the process of planning, designing and analyzing the experiment so that valid and objective conclusion can be drawn effectively and efficiently. Based on Taguchi method an orthogonal array (OA) is considered to reduce the number of experiments required to determine the optimal wear for Al-7.5%SiC metal matrix composite. To choose an orthogonal array the total number of degrees of freedom is to be chosen. For this experimental purpose L27 orthogonal array is chosen. This L27 OA has 27 rows corresponding to the number of tests and the degree of freedom is 26. The degree of freedom of each design factor is 2 and for two way interaction of the factors the dof is 4. So, the total degree of freedom for the conducted experiment is (2x3 + 4x3 = 18). So, the L27 OA is chosen for the experimental purpose. The 1 st column is assigned to load (L), 2 nd column is assigned to speed (S) and the third column is assigned to time (T). The rest of the columns are assigned to the two way interactions of the factors and error terms. Table 4 shows the orthogonal array.
Wear test
Wear tests are carried out in a Multi-Tribotester TR25 (Ducom, India) (Fig. 2) under dry non lubricated condition and at ambient temperature (280C). It uses a block-on-roller configuration where EN32 steel roller of hardness 65 HRc is used. The load is applied by placing dead weight in a loading pan which is connected by a 1:5 ratio loading lever. The Al-SiC samples of dimension 20mm x 20mm x 8mm is placed in the sample holder and pressed against the steel roller. The experimental data is recorded by a computer attached with the apparatus. The wear is measured in terms of wear depth (microns). The wear tests are carried out at different load and speed for different interval of time as mentioned in Table 3 . 8  1  3  3  3  2  2  2  1  1 1  3  3 3   9  1  3  3  3  3  3  3  2  2 2  1  1 1   10  2  1  2  3  1  2  3  1  2 3  1  2 3   11  2  1  2  3  2  3  1  2  3 1  2  3 1   12  2  1  2  3  3  1  2  3  1 2  3  1 2   13  2  2  3  1  1  2  3  2  3 1  3  1 2   14  2  2  3  1  2  3  1  3  1 2  1  2 3   15  2  2  3  1  3  1  2  1  2 3  2  3 1 4. Results and discussion
Analysis of signal to noise ratio
To study wear behaviour, lower the better quality characteristics has been considered and accordingly the signal to noise ratios has been calculated. The expression for lower the better criterion is given in equation (1) S/N = -10log (∑y 2 /n) (1)
Fig. 2. Layout of multi tribotester
Here, 'y' is the experimental result obtained from the wear testing and 'n' is the number of experiments performed. The experiment is conducted by using three parameters applied load (L), sliding speed (S) and time (T) at three different levels. Table  4 shows the experimental plan and the results of wear with calculated S/N ratios are shown in Table 5 . The experimental design being orthogonal, it is possible to separate out the effect of each control factor at different levels. As an example, the mean S/N ratio for factor Load at levels 1, 2 and 3 can be calculated by averaging the S/N ratios for the experiments 1 -9, 10 -18 and 19 -27 respectively. The mean S/N ratio for the other factors at different levels can be calculated in similar manner. Analysis of the influence of each control factor (L, S and T) on wear is obtained from the response table of mean S/N ratio. All the analytical calculations are performed by MINITAB software [21] . The response table is presented in Table 6 . It is clear from Fig. 3 that the S/N ratio is higher at level 3 for parameter L, at level 1 for parameter S and at level 1 for parameter T respectively. Fig. 4(a) ,(b) and (c) shows the optimum performance at those levels. So, from the figures considering the interactions between the factors the optimal testing parameters combination for minimum wear is found to be L3S1T1. Interaction plots are given in Figs 4(a), (b) and (c). It can be seen from these interaction plots that there is strong interaction between load and speed while there is moderate interaction between speed and time.
Analysis of variance (ANOVA)
The idea of the analysis of variance is to find out the significance of process parameters and also the percentage contributions of the factors and the interactions in affecting the response. This is accomplished by separating the total variability of the S/N ratio, which is measured by the sum of the squared deviations from the total mean S/N ratio, into contributions by each of the design parameters and the error. The percentage contributions of variance can be calculated by using the following equations. Where, m is the number of experiments in the orthogonal array and i is the mean S/N ratio for the ith experiments. The percentage of contributions  can be calculated as follows:
Where, SSd is the sum of the square deviations and SSe is the sum of squared error. In the statistical analysis, F -tests are carried out to see which design parameters have a significant effect on the response characteristics. To conduct the F -test, the mean of the square deviations SSm due to each design parameter need to be calculated. Table 7 . ANOVA table shows the percentage contribution of each parameter. Here the most significant parameter is T (Time) while parameter S (Speed) is also very much significant. It may be observed from the ANOVA table that Speed (% contribution = 14.25) and the time (% contribution = 59.07) and the interaction between L*S (% contribution = 23.79) have great significance on the wear behavior. On the other hand, the interactions between L*T and S*T represent less significant percentages of contribution on the wear behavior of Al-7.5% SiC MMC.
Confirmation test
After the optimal level of testing parameters have been found, it is necessary that verification test is carried out in order to evaluate the accuracy of the analysis and to validate the experimental results. The estimated S/N ratioˆ, using the optimal level of the testing parameters can be calculated as:
Where, m is the total mean S/N ratio, i  is the mean S/N ratio at the optimal testing parameter level and o is the number of main design process parameters that significantly affect the wear performance of Al-7.5%SiC MMC. Table 8 shows that the comparisons of the estimated and actual wear using the optimal parameters combination. The improvement of S/N ratio from initial to optimal condition is -3.148 dB which means the wear is decreased by 30%. Improvement of S/N ratio = -3.148 dB Fig 5 shows the SEM micrograph of worn surface of Al-7.5%SiC. From the SEM micrograph it is observed that the worn surface is mainly composed of longitudinal grooves and partial irregular pits along the sliding direction. The presence of grooves indicates the micro-cutting and micro-ploughing effect, whereas pits or rows are indicative of adhesive wear failure of Al-SiC MMC. Micro-cutting and micro-ploughing effect shows that Al-SiC MMC undergoes abrasive wear. Hence the wear phenomenon encountered in case of Al-SiC is predominantly abrasive in nature.
Analysis of microstructure
Conclusion
The present paper deals with the tribological performance of Al-7.5% SiC. Optimization of the tribological testing parameters is done with the help of Taguchi's L27 orthogonal array design. Both the main effects as well as interaction effects of the parameters are studied. Also the significance of the design parameters and their interactions considered in this particular study is obtained through ANOVA. The optimal tribological testing parameter combination for wear for Al-7.5%SiC is found to be L3S1T1. The factors i.e. speed (S) and time (T) are significant parameters affecting the wear behavior, but the factor speed (S) is less significant. The interaction between load and speed (LS) is the significant interaction. The microstructure study of the wear tracks revealed that mostly abrasive wear phenomenon is encountered.
